The mitochondria are the major intracellular source of reactive oxygen species (ROS), which are generated during cellular respiration. The role of peroxiredoxin (Prx) III, a 2-Cys Prx family member, in the scavenging of mitochondrial H 2 O 2 has recently been emphasized. While eliminating H 2 O 2 , Prx can become overoxidized and inactivated by modifying the active cysteine into cysteine sulfinic acid (Cys-SO 2 H). When 2-Cys Prxs are inactivated in vitro, sulfiredoxin (Srx) reduces the cysteine sulfinic acid to cysteines. However, whereas Srx is localized in the cytoplasm, Prx III is present exclusively in the mitochondria. Although Srx reduces sulfinic Prx III in vitro, it remains unclear whether the reduction of Prx III in cells is actually mediated by Srx. Our gain-and loss-of-function experiments show that Srx is responsible for reducing not only sulfinic cytosolic Prxs (I and II) but also sulfinic mitochondrial Prx III. We further demonstrate that Srx translocates from the cytosol to mitochondria in response to oxidative stress. Overexpression of mitochondrion-targeted Srx promotes the regeneration of sulfinic Prx III and results in cellular resistance to apoptosis, with enhanced elimination of mitochondrial H 2 O 2 and decreased rates of mitochondrial membrane potential collapse. These results indicate that Srx plays a crucial role in the reactivation of sulfinic mitochondrial Prx III and that its mitochondrial translocation is critical in maintaining the balance between mitochondrial H 2 O 2 production and elimination.
ides to water and alcohol, respectively (1) (2) (3) (4) (5) . The six isoforms of mammalian Prx (Prx I to Prx VI) are classified into three subfamilies: 2-Cys, atypical 2-Cys, and 1-Cys (2, 6) . Prx I to Prx IV, which belong to the 2-Cys Prx subfamily, exist as homodimers and contain two conserved cysteine residues. In the catalytic cycle of 2-Cys Prxs, the conserved N-terminal Cys-SH is first oxidized by peroxides to cysteine sulfenic acid (Cys-SOH), which then reacts with the conserved COOH-terminal Cys-SH of the other subunit in the homodimer to form a disulfide bond. This disulfide is specifically reduced by thioredoxin, whose oxidized form is then regenerated by thioredoxin reductase, using NADPH-reducing equivalents (2) (3) (4) (5) 7) . As a result of the slow conversion rate to a disulfide, the sulfenic intermediate is occasionally further oxidized to cysteine sulfinic acid (Cys-SO 2 H), which causes inactivation of peroxidase that cannot be reduced by thioredoxin (7) (8) (9) . Studies on the fate of the sulfinylated Prx enzyme have shown that its sulfinylation is actually a reversible reaction in mammalian cells (10) . The enzyme responsible for the reduction of sulfinylated Prx was subsequently identified in yeast and named sulfiredoxin (Srx) (11) . Sulfiredoxin regenerates inactive 2-Cys Prxs, returning it to the catalytic cycle and preventing its permanent oxidative inactivation by strong oxidative stress.
Oxidative stress is caused by an imbalance between the production of reactive oxygen species (ROS) and the antioxidant capacity of the cell (12) . Accumulating evidence suggests that oxidative stress is involved in aging (13) and the pathology of many conditions, including cancer and cardiovascular, inflammatory, and degenerative diseases (14) . The mitochondria are the major intracellular source of ROS, which are generated during cellular respiration. Mitochondrial ROS production is thought to be associated with the activation and propagation of apoptotic and necrotic cell death (15) . Therefore, a tightly regulated balance exists between mitochondrial ROS production and mitochondrial antioxidant defense systems. Key among these is the mitochondrial Prx III system, which is an important reducer of mitochondrial H 2 O 2 . Recent studies have shown that Prx III protects cells against mitochondrially derived oxidative stress by removing mitochondrial H 2 O 2 (16 -21) .
Unique among the 2-Cys Prx members, Prx III is localized specifically within the mitochondria (22) . Mammalian mitochondria also contain thioredoxin 2 (23) and thioredoxin reductase 2 (24) , which function as electron suppliers for the catalytic cycle of Prx III. These three proteins make up a primary line of defense against H 2 O 2 in mitochondria. Like cytosolic Prx I and Prx II, mitochondrial Prx III is hyperoxidized and inactivated in cells under oxidative stress (25) (26) (27) (28) (29) (30) (31) (32) (33) . Hyperoxi-dized Prx III is promptly regenerated to protect cells from mitochondrial H 2 O 2 -mediated oxidative damage (25) (26) (27) . However, whereas Prx III is localized to mitochondria, Srx is found in the cytosol (34) . Although Srx is capable of catalyzing the reduction of sulfinic Prx III in vitro (35) , it remains unclear whether the in vivo reduction of Prx III is mediated by Srx. In the present study, we examined the functional ability of Srx to reduce sulfinic Prx III under oxidative stress in vivo. We found that Srx translocates from the cytosol into mitochondria to regenerate hyperoxidized Prx III. We further demonstrate that cells overexpressing mitochondria-targeted Srx are resistant to mitochondrial ROS-mediated cell death through the restoration of the peroxidase activity of Prx III.
EXPERIMENTAL PROCEDURES
Materials-Dulbecco's minimum essential cell culture medium, and F-12 Nutrient Mixture (Ham's F-12) medium were obtained from WelGENE Inc. (Daegu, Republic of Korea). pcDNA3 vector, Alexa-488-conjugated goat antibodies to mouse IgG, Alexa-594-conjugated goat antibodies to rabbit IgG, MitoTracker Red CMXRos, tetramethylrhodamine ethyl ester (TMRE), and 5,6-chloromethyl-2Ј,7Ј-dichlorodihydrofluorescein diacetate (CM-H 2 DCFDA) were purchased from Invitrogen. pFLAG-CMV2 vector, FLAG M2 monoclonal, and anti-FLAG polyclonal antibodies were obtained from Sigma-Aldrich. Fetal bovine serum and penicillin-streptomycin were from HyClone Laboratories Inc. (Logan, UT). Polyclonal antibodies to Prx-SO 2 , Prx I, and Prx III and monoclonal antibodies to Prx III were purchased from Ab Frontier (Seoul, Republic of Korea). Monoclonal antibodies to ␣-tubulin were obtained from Santa Cruz Biotechnology (Santa Cruz, CA), and G418 was obtained from Invitrogen.
Construction of Expression Vectors-cDNA encoding human Srx (34) was subcloned into the mammalian expression vectors pcDNA3, pFLAG-CMV2, and pcDNA3 containing a C-terminal FLAG tag, to generate pcDNA3-Srx, pFLAG-CMV2-Srx, and pcDNA3-Srx-FLAG, respectively. To target Srx expression to mitochondria, a cDNA corresponding to the first 62 amino acids of human Prx III leader sequence (2, 36, 37) was cloned into the N terminus coding region of Srx in pcDNA3-Srx-FLAG, thus generating pcDNA3-mitoSrx-FLAG. A vector that expresses a catalytic cysteine mutant of Srx, pcDNA3-mitoSrx(C99S)-FLAG, was generated by site-directed mutagenesis using the Quick-Change kit (Stratagene).
Cell Culture and Establishment of Stable Cells-HeLa (human cervical carcinoma), HEK 293 (human embryonic kidney cells), and A549 (human lung carcinoma) cell lines were obtained from the American Type Culture Collection (Manassas, VA). Cells were cultured in Dulbecco's minimum essential medium supplemented with 10% fetal bovine serum and 1% penicillin-streptomycin in a humidified 5% CO 2 atmosphere, with the exception of the A549 cells, which were cultured in Ham's F-12 medium. HeLa and HEK293 cells were transfected using the FuGENE6 reagent (Roche Applied Science). RNA interference was used to deplete Srx in A549 cells, using the Amaxa Nucleofection system (AMAXA Biosystems) as described previously (34) . Cells were transfected with a small interference RNA targeted against a portion of the human Srx mRNA open reading frame (5Ј-GGAGGUGACUACUUC-UACU-3Ј) as well as a control RNA duplex of random sequence were obtained from Dharmacon Research. To generate stably transfected cell lines, HEK293 cells were transfected with pcDNA3-mitoSrx-FLAG, pcDNA3-mitoSrx(C99S)-FLAG, or pcDNA3 mock vector as a control using the FuGENE6 reagent. Clones were selected in the presence of G418 (0.4 mg/ml) and maintained in medium containing G418 (0.2 mg/ml).
Immunoblot Analysis-Cell lysates were fractionated by SDS-PAGE or two-dimensional gel electrophoresis as described previously (8, 10) . The separated proteins were transferred electrophoretically to a nitrocellulose membrane, which was then incubated with the primary antibodies. Immune complexes were detected with horseradish peroxidase-conjugated secondary antibodies and enhanced chemiluminescence reagents (Amersham Biosciences).
Subcellular Fractionation-Cells in hypotonic buffer (25 mM KCl, 2 mM MgCl 2 , 0.5 mM EDTA, 0.5 mM EGTA, 1 mM dithiothreitol, and 10 mM HEPES, pH 7.5) were left on ice for 30 min and then homogenized using a Polytron-Aggregate homogenizer (Kinematica Inc., Luzern, Switzerland) in the presence of protease inhibitors (1 mM 4-(2-aminoethyl)benzenesulfonylfluoride hydrochloride, 5 g/ml aprotinin, and 5 g/ml leupeptin). Isotonicity was re-established by adding an equal volume of hypertonic buffer (500 mM sucrose, 25 mM KCl, 2 mM MgCl 2 , 0.5 mM EDTA, 0.5 mM EGTA, 1 mM dithiothreitol, and 10 mM HEPES, pH 7.5). Cell homogenates were separated into postnuclear supernatant (PNS) and pellets containing unbroken cells and nuclei by centrifugation at 750 ϫ g for 10 min. The PNS was centrifuged at 15,000 ϫ g for 15 min to collect the mitochondria-enriched heavy membrane (HM) pellets. This supernatant was then centrifuged at 100,000 ϫ g for 60 min; the final supernatant was collected as the cytosolic fraction. The HM pellets were washed three times in H buffer (200 mM mannitol, 70 mM sucrose, 1 mM EGTA, 10 mM HEPES, pH 7.4, and 0.1% fatty acid-free bovine serum albumin) and then lysed in 20 mM HEPES buffer (pH 7.0) containing 1% Triton X-100, 10% glycerol, 2 mM EGTA, 1 mM EDTA, 1 g/ml aprotinin, 1 g/ml leupeptin, and 1 mM 4-(2-aminoethyl)benzenesulfonylfluoride hydrochloride.
Confocal Microscopy-Cells were grown on glass-bottomed culture dishes (MatTeK), fixed with 4% paraformaldehyde, and permeabilized for 5 min with 0.2% Triton X-100. FLAG-tagged Srx was detected with FLAG M2 monoclonal antibodies (10 g/ml) and Alexa-488-conjugated goat antibodies raised against mouse IgG (5 g/ml). Endogenous Prx III was detected with polyclonal antibodies (10 g/ml) and Alexa-594-conjugated goat antibodies raised against rabbit IgG (5 g/ml). Mitochondria were stained with 0.1 M MitoTracker Red CMXRos. Confocal fluorescence images were obtained using an LSM510 microscope (Carl Zeiss).
Flow Cytometry-A FACSCalibur flow cytometer (BD Biosciences) was used for all analyses, with a minimum of 2 ϫ 
RESULTS

Srx Reduces Sulfinic Forms of Mitochondrial Prx III in Cells-
HeLa and A549 cells were exposed to 200 M H 2 O 2 for 10 min and then incubated for various times in H 2 O 2 -free medium, after which cell lysates were subjected to immunoblot analysis (Fig. 1A) . We previously developed a method to monitor the reduction of sulfinic 2-Cys Prx enzymes by immunoblot analysis with antibodies (anti-2-Cys Prx-SO 2 ) that specifically recognize both sulfinic and sulfonic forms of these proteins (25) . Given that the sizes of Prx I and Prx II are identical, their overoxidized forms cannot be differentiated by immunoblot analysis. Based on their molecular weight and our previous data (25) , the lower band is overoxidized Prx I/II, and the upper band corresponds to overoxidized Prx III. The intensity of the oxidized Prx I and II band gradually decreased with time after H 2 O 2 removal. Interestingly, a gradual reduction of sulfinic Prx III was also apparent in these cells. Whereas Srx is localized in the cytoplasm (34), Prx III is present exclusively in the mitochondria. Srx has been shown to reduce sulfinic Prx III in vitro (35) , but it remains unclear whether the reduction of Prx III in cells is actually mediated by Srx.
To assess the role of Srx in the reduction of sulfinic Prx III, we transfected A549 human lung epithelial cells with either an expression vector containing human Srx (Fig. 1, B and C) or a small interfering RNA (siRNA) specific for human Srx (Fig. 1, D and E) , respectively. The transfected cells were exposed to 200 M H 2 O 2 for 10 min to induce protein sulfinylation and then incubated for various times in the absence of H 2 O 2 . Cell lysates were subjected to immunoblot analysis with anti-2-Cys Prx-SO 2 (Fig. 1,  B and D) . The rate of reduction was greatly increased in the cells overexpressing Srx (Fig. 1B) . In contrast, the rate was markedly decreased in Srx siRNA-transfected cells (Fig. 1D) .
We also subjected the cell lysates to two-dimensional electrophoresis. Antibodies to Prx III revealed a nearly complete acidic shift of Prx III, following exposure of the cells to H 2 O 2 . This shift was followed by the gradual reversion of the immunoreactive spots to the normal position after H 2 O 2 removal. Consistent with the results obtained by one-dimensional immunoblot analysis, the reduction of sulfinic forms of Prx III was promoted by Srx overexpression (Fig. 1C) but retarded by Srx depletion (Fig. 1E) . Because Prx III is a mitochondrial protein, our finding that Srx is substantially responsible for reducing sulfinic forms of mitochondrial Prx III in cells suggests that Srx may traffic into the mitochondria under oxidative stress.
Cytosolic Srx Is Translocated into the Mitochondria under Oxidative Conditions-The discrepancy in the subcellular localization between Srx and Prx III raises the possibility that Srx could translocate to the mitochondria in response to H 2 O 2 .
To examine this possibility, we investigated the intracellular localization of Srx under basal conditions and after oxidative stress, using subcellular fractionation ( Fig. 2A ) and confocal immunofluorescence (Fig. 2B) . HeLa cells overexpressing FLAG-tagged Srx were treated with H 2 O 2 , and cell homogenates were separated into subcellular fractions. The localization of FLAG-Srx was examined by immunoblot analysis of both the soluble cytosolic and the HM fractions. The fractions were probed using antibodies against cytosolic Prx I and mitochondrial Prx III. In agreement with our previous data (34), Srx was not found in the mitochondria-containing HM fraction. A significant increase of FLAG-tagged Srx was found in the HM fraction of cells only at 4 and 8 h after H 2 O 2 treatment, accompanied by a decrease of sulfinic Prx III. This result was confirmed by immunostaining (Fig. 2B) . HeLa cells expressing FLAG-tagged Srx displayed a diffuse cytosolic pattern of Srx under basal conditions. FLAG-tagged Srx resided in both mitochondria and the cytosol at both 4 and 8 h after H 2 O 2 treatment. We have previously shown that N terminus-tagged Srx is catalytically active as untagged Srx (35) . In separate experiments, we observed that endogenous, untagged Srx also redistributed to mitochondria under oxidative conditions (Fig. 2C) . To exclude a probable contamination of cytosolic Srx in HM fractions, HM pellets were repeatedly washed. By comparing the resulting band intensities, we observed that 16% of Prx III proteins in the HM fraction were prepared from ϳ3.9% of them in the initial PNS fraction, indicating that only 24% of Prx III in the PNS was recovered in the final HM fraction after heavy washing (Fig. 2C, lower panel) . 6 and 60% aliquots of cytosolic and HM fractions, prepared from the identical PNS, were analyzed by immunoblotting, and then the band intensities of Srx were measured as 28,213 and 2,705, respectively, at 4 h after H 2 O 2 treatment (Fig. 2C, upper panel) . Taking into account the HM preparation yield, ϳ3.8% of the total Srx was present in the HM fraction at 4 h after H 2 O 2 treatment. These results show that Srx can translocate from the cytosol to mitochondria to reduce the sulfinic form of Prx III.
Effects of Mitochondria-targeted Srx Overexpression on the Reduction of Sulfinic Prx III-
To investigate the catalytic action of mitochondria-targeted Srx overexpression on Prx III regeneration, we constructed expression plasmids for mitochondriatargeted FLAG-tagged wild-type Srx (mitoSrx(WT)) and mutant Srx (mitoSrx(C99S)), in which the catalytic Cys 99 was replaced by Ser. To express Srx that would target to the mitochondria, cDNA corresponding to the first 62 amino acids of human Prx III leader sequence (2, 36, 37) was cloned into the N terminus coding region of Srx. Confocal immunolocalization (Fig.  3A) and subcellular fractionation analysis (Fig. 3B) revealed that the overexpressed mitoSrx(WT) and mitoSrx(C99S) proteins were successfully targeted to mitochondria. To examine the capacity of mitoSrx to enhance reduction of sulfinic Prx III in mitochondria, we created HEK293 cell lines that were stably transfected with either mitoSrx(WT) or mitoSrx(C99S). The level of mitoSrx(WT) and mitoSrx(C99S) expression in all such cell lines was ϳ1.5-fold that of endogenous Srx (Fig. 3C) . Cell lines stably expressing mitoSrx(WT) or mitoSrx(C99S) are hereafter designated as mitoSrx(WT) and mitoSrx(C99S) cells, respectively. Control cells were stably transfected with empty vector alone. Cells were exposed to 100 M H 2 O 2 for 10 min to induce protein sulfinylation and then incubated for 4 and 8 h in the absence of H 2 O 2 . Cells expressing mitoSrx(WT) in mitochondria showed a significantly increased rate of Prx III regeneration compared with control or mitoSrx(C99S) cells, demonstrating that overexpression of mitochondrion-targeted Srx efficiently accelerates the regeneration of sulfinic Prx III.
Effects of Mitochondria-targeted Srx Overexpression on Rotenone-induced Apoptotic Phenotypes-We looked at the effects of ectopic mitoSrx expression on steady-state level of sulfinic
Prx III in cells treated with rotenone, which inhibits NADH conversion to NAD through respiratory Complex I (Fig. 4A) . The increased level of sulfinic Prx III in rotenone-treated cells is indicative of an increase in the steady-state proportion of inactivated Prx III, resulting from an accumulation of mitochondrial H 2 O 2 . The extent of Prx III sulfinylation was apparently increased at 8 h after rotenone treatment in control cells. At 8 h, the level of inactivated sulfinic Prx III was markedly lower in mitoSrx(WT) cells than in control cells, indicating that mitoSrx(WT) can enhance the rate of reactivation of sulfinic Prx III and help to maintain the steady-state level of active Prx III under mitochondrial ROS-mediated oxidative stress. Cells expressing mitoSrx(C99S) showed a more rapid increase in Prx III sulfinylation when exposed to rotenone than cells expressing either vector alone or mitoSrx(WT).
To determine whether mitoSrx expression inhibits the accumulation of cellular H 2 O 2 following rotenone treatment, which promotes generation of mitochondrial ROS, we compared the abundance of ROS in control, mitoSrx(WT), and mitoSrx(C99S) cells using the oxidant-sensitive fluorescent indicator CM-H 2 DCFDA. Flow cytometric analysis revealed that the intracellular ROS level was significantly increased by rotenone treatment in control cells. After treatment with rotenone for 8 h, less ROS accumulated in mitoSrx(WT) cells than in control cells (Fig. 4B ). This increase in ROS abundance is mainly attributable to enhanced generation and accumulation of mitochondrial ROS via inhibition of mitochondrial complex I (38) . Our data suggest that mitoSrx Fig. 1 . A and upper panel of C, after the indicated times, cell homogenates were separated into nuclear pellet and postnuclear supernatant (PNS). 0.5 ml of PNS was further separated into 0.5 ml of cytosolic (Cyto) and mitochondria-enriched heavy membrane (HM) fractions, and then the latter was prepared as 0.05 ml of lysates. Equal volumes (0.03 ml) of Cyto fractions and HM lysates were analyzed by immunoblotting for the indicated proteins. Lower panel of C, the indicated percent volumes of aliquots from HM lysates (0.05 ml) or PNS (0.5 ml) were subjected to immunoblot analysis for Prx III. B, cells were stained for the FLAG epitope (green) and Prx III (red) and then examined by confocal microscopy.
overexpression results in a decrease in the steady-state level of mitochondrial H 2 O 2 , which then diffuses into the cytosol. Mitochondria are recognized sources of H 2 O 2 and the superoxide radical (39) and are key players in the initiation of apoptosis in many systems. We therefore examined the effect of mitoSrx expression on rotenone-induced apoptosis in control, mitoSrx(WT), and mitoSrx(C99S) cells. We quantified apoptotic cells by flow cytometry after staining with propidium iodide. The number of cells with subdiploid (Ͻ2N) DNA content, representing cells undergoing apoptosis, at 8 and 16 h after exposure to rotenone was decreased ϳ2-fold by mitoSrx(WT) expression, but increased ϳ1.5-fold by mitoSrx(C99S) expression (Fig. 4C) .
Mitochondrial ROS-induced apoptosis is associated with a reduction in membrane potential (⌬⌿ m ). We therefore examined the effects of mitoSrx expression on this event. The change in ⌬⌿ m was measured using the cationic dye TMRE, which accumulates in the mitochondria in proportion to the mitochondrial membrane potential. Flow cytometric analysis of red fluorescence indicated that treating cells with rotenone induced a decrease in ⌬⌿ m . Rotenone-induced dissipation of ⌬⌿ m was attenuated by mitoSrx(WT) expression but exacerbated by mitoSrx(C99S) expression (Fig. 4C) . These results suggest that mitoSrx(WT) suppresses mitochondrial ROS-mediated apoptosis by restoring the peroxidase activity of Prx III in mitochondria.
DISCUSSION
Various aging and pathological conditions are related to an increase in mitochondrial generation of ROS (13, 15, 40) . Mitochondrial H 2 O 2 is thus tightly regulated by mitochondrial antioxidant defense systems. The role of Prx III in scavenging mitochondrial H 2 O 2 has been emphasized. Previous studies have shown that Prx III is vulnerable to inactivation through hyperoxidation of its active site cysteine residues in cells and rodent tissues under oxidative stress (25) (26) (27) (28) (29) (30) (31) (32) (33) . Sulfinic Prx III can be specifically reduced back to the thiol form in mammalian cells (25) (26) (27) . Consistent with previous studies, our data show that Prx III sulfinylation is a reversible reaction in mammalian cells. Our results further show that the reduction and reactivation of sulfinic Prx III are promoted by overexpression of Srx and inhibited by knockdown of Srx. A recent study using bone marrow-derived macrophages from Srx-deficient mice has also demonstrated that Srx plays a crucial role in the reduction of the sulfinic form of Prx III as well as Prx I and II (27) . Previous results from cortical neurons showed that inducing Srx expression by synaptic activity or nuclear factor erythroid 2-related factor activator inhibits the formation of sulfinic Prx III following oxidative stress, which contributes to its neuroprotective effects (32, 33) . Thus, our results are consistent with these previous studies and indicate that Srx is substantially responsible for the reduction of sulfinic forms of Prx III.
Our present study uses subcellular fractionation and immunomicroscopy to show that Srx translocates from the cytosol to the mitochondria in response to oxidative stress. Srx does not contain a mitochondrial targeting sequence, raising the ques- A and B) . A, cells were stained with MitoTracker (red) and an antibody to the FLAG epitope (green) and then examined by confocal microscopy. B, immunoblots for cytosolic (Cyto) and mitochondria-enriched heavy membrane (HM) fractions were performed with polyclonal antibodies specific to the FLAG epitope and Prx III. Immunoblots of whole-cell lysates (Whole) are also shown. C, immunoblot analysis of lysates prepared from HEK293 cells stably transfected with plasmids as described above using antibodies specific to the FLAG epitope, Srx, and ␤-actin. D, the stably transfected cells were exposed to 200 M H 2 O 2 for 10 min and then allowed to recover from oxidative stress as in Fig. 1 . After the indicated times, cell lysates were prepared and analyzed by immunoblot analysis with specific antibodies to sulfinic 2-Cys Prxs (Prx-SO 2 ), Srx, Prx III, and ␤-actin.
tion of what mechanism underlies the ability of the Srx protein to enter the mitochondria to reduce sulfinic Prx III. Our observation is similar to previous findings that cytosolic DJ-1 or p66
Shc protein translocate to mitochondria following oxidative stress (41, 42) . Further research is required to elucidate translocation mechanism of Srx. Recent findings demonstrate that mitochondrial H 2 O 2 can induce intracellular oxidative stress and is implicated in aging (43) (44) (45) (46) and the pathogenesis of diabetes (47, 48) and cardiovascular disease, among others (17, 49 -51) . Several studies have shown that overexpressing Prx III can protect cells against oxidative injuries (52, 53) and that depleting Prx III in HeLa cells can lead to increased intracellular levels of H 2 O 2 and sensitize cells to induction of apoptosis by staurosporine or TNF-␣ (16). This suggests that Prx III plays a cytoprotective role by quenching H 2 O 2 in mitochondria. Recent studies have demonstrated that Prx III overexpression can protect mice from mitochondrial dysfunction and left ventricular failure after myocardial infarction (17) . Transgenic mice overexpressing Prx III have shown a specifically increased scavenging activity in mitochondria, increased resistance to apoptosis, and improved glucose tolerance (48) . Deleting Prx III in mice resulted in an increased level of intracellular ROS, which correlated with increased oxidation of DNA/protein in alveolar epithelium and severe lung inflammation induced by lipopolysaccharide (19) . These gain-and loss-of-function studies suggest that Prx III is an important protein for protecting an organism from the pathogenesis of mitochondrial H 2 O 2 -associated diseases. A previous study of ours also showed that H 2 O 2 generated by the mitochondria functions in conjunction with multiple factors to amplify the apoptotic signal (16 (Fig. 4B) , which then diffuses into the cytosol and takes part in hyperoxidation of Prx I and II. Therefore, the regeneration of cytosolic Prx I and II also promoted by expression of mitoSrx (Fig. 3D) .
Overexpression of inactive Srx(C99S) in mitochondria leads to a more rapid oxidation of Prx III after rotenone treatment (Fig. 4A) , whereas it does not appear to be the case after H 2 O 2 treatment (Fig. 3D) . The level of sulfinic Prx III in rotenonetreated cells is a steady-state level controlled both by rotenoneinduced H 2 O 2 and by the Srx activity. It seems that the mitoSrx(C99S) in rotenone-treated cells could act in a dominant negative manner by interfering with the interactions between endogenous Srx and sulfinic Prx III during several hours. In contrast, Prx III is almost completely hyperoxidized only within 10 min after treatment of H 2 O 2 ( Fig. 1, C and E) . Because sulfinic reduction by Srx is a very slow process (k cat ϭ 0.18/min) (34), Srx may hardly reduce sulfinic Prx III for a short period in the presence of an excess amount of H 2 O 2 , indicating that a dominant negative effect of mitoSrx(C99S) could not be shown in this condition (Fig. 3D) .
Cell viability and function are critically dependent on the maintenance of a balance between mitochondrial ROS production and elimination. The loss of this balance can result in cell death, as well as the death of the organism. The importance of tight regulation of the mitochondrial H 2 O 2 in aging and of the pathogenesis of age-associated disease has recently been emphasized (54) . For example, transgenic mice that overex-press catalase in mitochondria show significantly increased H 2 O 2 scavenging activity in mitochondria and extended lifespans (46) . Thus, both aging and the development of agerelated diseases could be influenced by insufficient elimination of mitochondrial H 2 O 2 due to an overaccumulation of sulfinic Prx III or the inability of Srx to reduce oxidatively damaged Prx III over time. These data suggest therapeutic implications for modulating the activity of Srx in cell survival. For instance, treatments that promote mitochondrial translocation of Srx may reduce the effects of aging and age-related degenerative diseases.
In conclusion, we have shown that Srx traffics into mitochondria in response to oxidative stress and plays a crucial role in regenerating Prx III by reducing overoxidized Prx III. Overexpression of mitochondrion-targeted Srx efficiently promotes the restoration of Prx III and results in cellular resistance to apoptosis with enhanced elimination of mitochondrial H 2 O 2 and decreased rates of ⌬⌿ m collapse. Our data thus indicate that mitochondrial translocation of Srx is critical in maintaining balance between mitochondrial H 2 O 2 production and elimination.
